To investigate the corrosion behavior of X80 steel caused by an anodic current density, electrochemical tests of X80 steel in near-natural NS4 solution under varying anodic current densities, Iac, were performed. The testing combined a three-electrode and direct-current source. Analysis included electrochemical testing and corrosion morphology. The results show that the corrosion behavior of X80 steel in NS4 solution is mainly divided into two stages. The first stage, Iac=0~20mA/cm 2 , was characterized by the formation of a double electric layer and a corrosion-product layer mainly comprised of FeOOH. During this stage uniform corrosion occurs and Icorr increases linearly. In the second stage where Iac≥50mA/cm 2 , the corrosion morphology is pitting corrosion and Icorr is basically unchanged. Black Fe3O4 is the primary inner layer corrosion product that inhibits uniform corrosion and promotes pitting corrosion.
INTRODUCTION
High voltage direct current (HVDC) transmission systems are commonly in bipolar symmetric connection mode [1] . During normal operation, the leakage current into the soil is less than 1%. However, during system malfunctions, the systems changes to single mode resulting in soil currents that can reach thousands of amperes that can significantly affect buried metal facilities [2] . Focusing on the severity of the interference of HVDC, Nicholson found HVDC fault current flows into buried pipeline, lasting for several days along the pipeline until outflowing causing serious corrosion [3] . Based on the field test, the current density leaving the pipe can reach 82mA/cm 2 . Under this condition, research has analyzed the influence of cathodic polarization [4, 5] on an anti-corrosion coating and determined the criterion for cathodic protection.
Compared to direct stray current (DC), more literature focuses on its corrosion rate, product, mechanism and model of alternating stray current (AC), and a comprehensive understanding has been in consensus [6] . However, based on the regulation that DC corrosion rate conforms to Faraday's law, few researches have been conducted on its corrosion behavior, even though corrosion rate resulted by DC is much larger than that of AC. Furthermore, corrosion becomes more severely with the development of HVDC. Results we got preliminary based on simulation and field test show the peak of current density at defects on coatings can reach 100A/m 2 , which may cause the rapid perforation of pipeline [7] . It is interesting that at some points current flows out into soil, the surface of defects is covered with a layer of dense products, which prevents the later soil corrosion. However, there are few studies on the effect of anodic polarization, that is, outflowing current on corrosion potential or morphology of buried pipeline. In this paper, based on the conventional electrochemical system with three-electrodes, the electrochemical method was applied to explore the corrosion behavior of X80 steel under anodic current densities in the range of 0~100 mA/cm 2 . Fig.1 shows the diagram for the electrochemical test for X80 steel with applied anodic current density. In this system, the direct-current source was used to provide anodic current to act on the X80 steel and the electrochemical station was used for measuring open-circuit potential, polarization curves, and the EIS (electrochemical impedance spectrum) of X80 steel under varying anodic current densities. The X80 steel in 10×10×2mm 3 and works as a working electrode, the reference electrode is a saturated calomel electrode (SCE) and the auxiliary electrode is a Pt electrode. The reference electrode is in contact with the solution through a Lugin capillary, and the distance between the tip and the surface of X80 steel is less than 2mm to ignore the IR drop of the solution. The experimental solution in this paper is near-neutral NS4 soil-simulation solution with NaHCO3 0.483, KCl 0.122, CaCl2 0.137, MgSO4 ·7H2O 0.131 in g/L, and 5% CO2/N2 was used to move the oxygen and to maintain a pH=7.2.
EXPERIMENTAL SECTION
The TAFEL curve obtained by the electrochemical station was tested with a scanning rate of 0.3mV/s, and a potential range of ±250 mV (vs. open-circuit potential). The scanning range of EIS was 100kHz~10mHz. All the tests were performed in a constant temperature humidity chamber (GDJS-408). All experiments were repeated at least twice to ensure the accuracy [8] . .SCE without anodic current and as the anodic current density (Iac) increases in the range 0~75mA/cm 2 , the open-circuit potential of X80 steel increases linearly [9] . The results show that X80 steel is more inclined to an activated corrosion state at this time. The is mainly due to the anodic polarization of the working electrode resulting from the increased of outflow current density. However, as Iac is further increased in the range 75~100mA/cm 2 , the open-circuit potential remains basically unchanged, which may be the result of compact corrosion products covering the surface of X80 at Iac=100mA/cm 2 .
RESULTS AND DISCUSSION

Analysis of corrosion kinetic parameters
Figure 2.
The variation of open-circuit potential of X80 steel under different anodic current densities (0~100 mA/cm 2 ) in NS4 solution Fig.3 shows the potentiodynamic polarization curves of the test results of X80 steel under different anodic current densities and the fitted results are shown in Tab.1. It can be seen that anodic current makes the polarization curve move to the upper right, which means the corrosion potential, Ecorr, continues to move positively as Icorr increases, and there is no obvious passivation region.
The cathodic and anodic Tafel slopes, ba and bc respectively, are used to describe the influence of the polarization process. From the fitted results in Tab. 1, it can be seen that the ratio of β=ba/bc is always less than 1, indicating that the anodic current mainly affects the cathodic process of X80 instead of the anodic process. Also from Fig. 3 , in the region Iac=0~20mA/cm 2 , the cathodic polarization curve of X80 steel shows an obvious limiting-current diffusion control process. As Iac increases, the ratio of β increases gradually in the range Iac=20~75mA/cm 2 and remains relatively unchanged in the range Iac=75~100mA/cm 2 . The relationships described above may be related to the formation and destruction of corrosion products on the surface of X80 steel.
The corrosion potential has a linear relationship with anodic current density in the range Iac=0~75mA/cm 2 and remains relatively unchanged in the range Iac=75~100mA/cm 2 . This agrees with the results of the open-circuit potential. However, the corrosion current density increases linearly in the range of Iac=0~50mA/cm 2 before holding constant in the range of Iac=50~100mA/cm 2 [10] . This happens because when there is no anodic interference, the diffusion process of the corrosion products on the metal surface is primarily related to the concentration of the metal surface products and the concentration of the surrounding solution, characterized by "free" diffusion, and with the increase of anodic current density, the concentration of the ions on surface increases rapidly allowing ions to move according to the direct current electric field [11] . At low anodic current density, the diffusion rate of corrosion products increases linearly, leading to a linear increase in corrosion current density. Once Iac>50mA/cm 2 , the diffusion rate of corrosion products saturates, and hence, the apparent corrosion current density also saturates. Fig. 4 shows the Nyquist diagram of X80 steel without anodic current. When the X80 is immersed in the NS4 solution, there is no adsorbed phase on the surface of the metal electrode, which means there is only one time constant [12] . Therefore, the equivalent electric circuit (EEC) is composed of solution resistance Rs, a double layer capacitance C and charge transfer resistance Rct. Under the consideration of the dispersion effect, the pure capacitance of C is always replaced by constant phase angle element Q. Therefore, the EEC can be described as Rs(RctQdl). Fig. 5 shows the EIS of X80 steel under different anodic current densities. It can be seen that when Iac=5~20mA/cm 2 , the Nyquist diagram shows a double capacitive arc, and there are two peaks in the Bode plot, indicating that there are two time constants in the process [13, 14] .
Analysis of EIS
According to related research, under conditions of low anodic current densities, the corrosion reaction is controlled by the diffusion of corrosion products. To our best knowledge, the finite layer on the surface typically behaves as double capacitive-resistance arcs at an order of magnitude of 10 -4 F/cm 2 . Therefore, the EEC of the diffusion layer can be described as a series circuit of diffusion resistance Rc and diffusion capacitance C. The EEC of the whole system can be described as Rs(Qdl(Rct(RcC), including solution resistance Rs, charge transfer resistance Rct and double layer capacitance Qdl,.
The capacitance of electric double layer can be calculated by the following Eq.(1):
In Eq.(1), l is the thickness of electric double layer, ε is the dielectric constant of solution, and A is the area of working electrode of 1cm 2 .
In this paper, Qdl and l are inversely proportional because ε and A are constant. Under these conditions, as Iac increases, the Rct decreases while Qdl increases. The main reason for this is that the increase of Iac makes the electric field force stronger, resulting in a decrease in the thickness of the electric double layer. The time constant of τ1=Rct·Qdl also decreases leading to an increase in the diffusion rate of ions in the electric double layer, that is, the reaction rate of Fe→Fe 2+ increases. However, the Rc increases and C decreases. This is because the diffusion rate of corrosion products is lower than the formation rate, leading to an increase in the thickness of the diffusion layer that decreases C. Also, the difference in concentration of corrosion layer and solution is larger as Iac increases, so the Rc increases. The time constant of τ2=Rc·C decreases, indicating that the diffusion rate of corrosion products increases ( ) [15] .
When Iac≥50mA/cm 2 , the effects of the double capacitive reactance disappear. Under this condition the formation rate of corrosion products is equal to the diffusion rate, and this maintains a steady corrosion-product layer, leading to the disappearance of diffusion resistance Rc and diffusion capacitance C [16, 17] . Therefore, the EEC can be described as Rs(QdlRct). In Fig.6 , the charge transfer resistance of Rct and the double layer capacitance of Qdl are mostly unchanged in the region Iac≥50mA/cm 2 . This results in an unchanging time constant, τ1, indicating a stable diffusion layer and double electric layer have been formed. In Fig.5(3) of log f -|Z|, in the range Iac=0~100mA/cm 2 , it can be divided into two stages. In first stage, Iac=0~20mA/cm 2 , the electric double layer and corrosionproduct layer are gradually formed. In second stage, Iac≥50mA/cm 2 , the whole system is in steady state and is not affected by the anodic current density.
In EIS, resistance |Z| is dominated by mass transfer resistance at low-frequency and charge transfer resistance at high-frequency. It can be seen from Fig.5(3) that the mass transfer resistance performs obvious difference, especially when f=0.01Hz that has a positive relation with Iac [18] . With Iac increasing, the mass transfer resistance decreases while charge transfer resistance changes little. The results show that the diffusion process is controlled by charge transfer in the range Iac=0~100mA/cm 2 [19, 20] . The analyzed results are in good agreement with the polarization curves. Fig. 7 shows the corrosion morphology of X80 steel under different anodic current densities. It can be seen that with the increase of anodic current density, the inhomogeneity of the surface rapidly increases. When Iac<20mA/cm 2 , the corrosion rate is basically proportional to the anodic current density, and the roughness of surface slightly increases experiencing uniform corrosion. However, at an increased anodic current density of 50mA/cm 2 , cracks begin to appear on the surface and its surface inhomogeneity rapidly increases. When the anodic current density is further increased to 75mA/cm 2~1 00mA/cm 2 , there are obvious corrosion pits, indicating at this stage the anodic current has a significant effect on the corrosion morphology instead of the corrosion rate. This is in agreement with the results of electrochemical test. Under the condition of large anodic current, the corrosion products mainly consist of two layers; FeOOH in outer layer [21, 22] and Fe3O4 in inner layer [23] , shown in Fig. 8 and Fig. 9 . The pitting corrosion occurs under the inner layer because of the good adhesiveness and electroconductivity of Fe3O4. The influence of anodic current on X80 steel can be described as follows. At low anodic current density, corrosion behavior met with the Tafel's law, illustrating Fe→Fe 2+ +2e - [24, 25] . With the increasing anodic current, the electrochemical reaction occurs in sequence: Fe+H2O⇋(FeOH)ad+H + +e -, (FeOH)ad→FeOH + +e -, FeOH + +H + ⇋ Fe 2+ +H2O. Once the anodic current density reaches the 75~100mA/cm 2 , the double layer has formed by 2Fe 2+ +O2+2H2O→2FeOOH+2H + and FeOOH+Fe 2+ +2OH -→Fe3O4+2H2O [26] .
Analysis of corrosion morphology
CONCLUSIONS
In this paper, the corrosion behavior of X80 steel influenced by anodic current density in NS4 solution was investigated with the following conclusions:
(1) From the results of electrochemical tests, the anodic current density mainly affects the cathodic process of X80 steel and the influence on X80 steel can be divided into two stages. The first stage occurs at lower anodic current densities, Iac=5~20mA/cm 2 . In this stage, the corrosion potential and corrosion current density of X80 steel increase linearly with the increase of anodic current density, evidenced by the formation of a characteristic double capacitive reactance, which is mainly formed by an electric double layer and diffusion layer. The second stage, Iac≥50mA/cm 2 , shows the electric double layer and diffusion layer have been formed, and has the characteristics of a single capacitive reactance, with the corrosion rate basically unchanged.
(2) X80 steel corrosion is mostly uniform in the range Iac=5~20mA/cm 2 and consists primarily of FeOOH. At higher anodic current densities in the range Iac=50~100mA/cm 2 , the inner corrosion products are primarily black Fe3O4 and the uniform corrosion gradually changes to pitting corrosion. These results are in good agreement with the electrochemical results.
